We present viable F-term realizations of the hybrid inflationary scenario in the context of supergravity addressing at the same time the well-known problems of the initial conditions and of the adequate suppression of the inflaton mass. An essential role in our construction is played by "decoupled" superheavy fields without superpotential acquiring large vevs due to D-terms associated with "anomalous" U(1) gauge symmetries. The naturalness of the initial conditions is achieved through a "chaotic" inflation starting at energies close to the Planck scale and driven by the "anomalous" D-terms. We discuss two distinct mechanisms leading to such an early "chaotic" D-term inflation which depend on the choice of the Kähler potential involving the superheavy fields. The one relies on a choice of the Kähler potential of the SU(1, 1)/U(1) Kähler manifold of the type encountered in no-scale supergravity whereas the other employs a more "conventional" choice for the Kähler potential of the SU(1, 1)/U(1) or SU(2)/U(1) Kähler manifold but invokes rather specific values of the Fayet-Iliopoulos ξ term. For such specific values of the ξ term we exploit the existence of special classical non-oscillatory solutions describing inflationary expansion at both large and small inflaton field values. In the scenarios considered the superpotential is linear in the inflaton field associated with the "observable" inflation on the account of a R-symmetry and the suppression of the inflaton mass is a result of a cancellation between the always positive contribution of the "decoupled" superheavy fields and a negative contribution originating from the part of the Kähler potential involving the inflaton.
Introduction
Inflation offers an elegant solution to many cosmological problems [1] . However, "natural" realizations of the inflationary scenario are hard to find. "New" and "chaotic" inflation [1] invoke a very weakly coupled scalar field, the inflaton, in order to reproduce the observed temperature fluctuations ∆T T [2] in the cosmic background radiation. To overcome this naturalness problem Linde proposed the "hybrid" inflationary scenario [3] involving a coupled system of (at least two) scalar fields which manages to produce the temperature fluctuations with natural values of the coupling constants. This is achieved by exploiting the smallness in Planck scale units (M P / √ 8π ≃ 2.4355 × 10 18 GeV= 1 which are adopted throughout our disscusion) of the false vacuum energy density associated with the phase transition leading to the spontaneous breaking of a symmetry in the post-Planck era.
The hybrid inflationary scenario, although very simple and attractive, had to face two important challenges, namely its confrontation with the problem of the initial conditions and its implementation in the context of global supersymmetry and supergravity. Much effort has been devoted to both these directions of research which proved that the hybrid inflationary scenario can be naturally realized in supersymmetric theories and simple extensions of it can also cope with the problem of the initial conditions. The more difficult question, however, of finding elegant realizations in the context of supergravity with natural initial conditions has not, in our opinion, been addressed equally successfully. The present work is an attempt in this direction.
The organization of the paper is as follows. In section 2 we review the nonsupersymmetric hybrid inflationary scenario, we state the problem of the initial conditions and discuss possible solutions. Particular emphasis is given to the necessity of a short Planck-scale inflationary stage. In section 3 we consider supersymmetric extensions of the hybrid inflationary scenario. After a brief discussion of hybrid inflation in global supersymmetry we review the supergravity scenarios proposed in the case that the Kähler potential involving the inflaton field is the minimal or quasi-minimal one making an effort to provide, whenever possible, analytic expressions connecting the scale of symmetry breaking with the parameters of the model and the data from observations. Later, we also describe an alternative construction involving Kähler potentials very different from the minimal one and "decoupled" fields acquiring large vevs through D-terms associated with "anomalous" U(1) gauge symmetries. In section 4 we present what we call a "chaotic" D-term inflation which takes place at energies close to the Planck scale and which is used to solve the initial condition problem of supergravity hybrid inflation. The mechanism is built in the alternative construction involving the "decoupled" fields with large vevs through "anomalous" D-terms and comes in two variants depending on the choice of the Kähler potential of the "decoupled" fields. In section 5 we present the initial conditions that lead to a successful "observable" inflation according to various scenarios discussed in section 3 after an early "chaotic" D-term inflation. Finally, in section 6 we briefly present our conclusions.
Hybrid inflation and the problem of the initial conditions
The original hybrid inflationary scenario is realized in the simple model described by the potential [3] , [4] V (ϕ, σ) = (−µ 2 + 1 4
where ϕ, σ are real scalar fields, µ is a mass parameter and λ, λ 1 , β are real positive constants. Anticipating supersymmetry we set λ 1 = λ 2 . Notice that at σ 2 = σ 2 c , ϕ = 0 and β ≪ 1. Then, the potential is dominated by the almost constant false vacuum energy density, i.e. V (0, σ) = µ 4 (1 + . During inflation the motion of the inflaton field σ is governed, in the slow-roll approximation, by the equation . Also the spectral index of density perturbations n ≃ 1 + 2β is slightly larger than 1 for β ≪ 1. Assuming that the measured (quadrupole) anisotropy ∆T T ≃ 6.6×10 but then, insisting on the MSSM value for M, λ ≃ 0.067β becomes unnaturally small.
At this point we should remark that µ cannot be arbitrarily large since there is an upper bound on the energy density scale V This severe fine tuning becomes more disturbing since the field configuration at the assumed onset of inflation, where H = H inf l , should be homogeneous over dinstances
inf l is larger than the Hubble distance at the end of the Planck era (ρ = ρ in ≃ 1) as expanded (according to the expansion law R ∼ ρ
, where R is the scale factor of the universe) till the assumed onset of inflation (at ρ = ρ inf l ) by a factor
≫ 1, if γ 1. Therefore, in order for (any type of)
inflation to start at an energy density scale ρ inf l ≪ 1, the initial field configuration at ρ = ρ in ≃ 1 (where initial conditions should be set) must be very homogeneous over
≫ 1. Such a homogeneity is hard to understand unless a short period of inflation took place at ρ ∼ 1 [7] with a number of e-foldings 2
inf l . An early inflationary stage might also eliminate the requirement of severe fine tuning of the field configuration at ρ = ρ in since, in addition to the homogenization of space, it could alter the dynamics during the early stages of the evolution of the universe.
An inflation taking place at an energy density ρ 1 ≫ ρ inf l , however, although eliminates existing inhomogeneities it generates new ones due to quantum fluctuations. These fluctuations are ∼ . The size of this gradient energy density when ρ falls to ρ inf l ≃ V inf l should be smaller than V inf l . This gives an upper bound on the energy density ρ 1 (towards the end) of the first stage of inflation
which is somewhat lower than unity and decreases with V inf l . Such an early inflationary stage can be easily incorporated into the hybrid model [7] . In particular, if we allow field values considerably larger than unity (e.g. |ϕ 0 | = |σ 0 | 10) the original model gives rise to an early chaotic-type inflationary stage at ρ = ρ 0 ∼ ρ in which takes care of the initial condition problem.
It is important to realize that the above arguments in favor of an early inflationary stage as a solution to the initial condition problem of the "observable" inflation are too general to be applicable to the hybrid inflationary scenario only. As an example of the usefulness of an early inflation in other cases as well we mention the "new" inflationary scenario whose serious initial condition problem may be solved by a stage of "pre-inflation" [8] .
3 Hybrid inflation in global supersymmetry and supergravity Let us first treat supersymmetry as only global. We consider a model with gauge group G which breaks spontaneously at a scale M. The symmetry breaking of G is achieved through a superpotential which includes the terms
Here Φ,Φ is a conjugate pair of left-handed superfields which belong to a non-trivial N d −dimensional representation of G and break it by their vevs, S is a gauge singlet lefthanded superfield, µ is a mass scale related to M and λ a real and positive coupling constant. The superpotential terms in W are the dominant couplings involving the superfields S, Φ, Φ which are consistent with a continuous R-symmetry under which W → e iϑ W , S → e iϑ S, ΦΦ → ΦΦ [9] . The potential obtained from W is
where the scalar components of the superfields are denoted by the same symbols as the corresponding superfields and V D is the D-term contribution. The supersymmetric minimum S = 0, ΦΦ = σ, where ϕ and σ are real scalar fields. Then, the potential acquires the form of Eq. (2.1) with λ 1 = λ 2 and β = 0.
A tiny mass-squared m 2 σ = βµ 4 ∼ 1 TeV 2 can be generated for σ as a result of soft supersymmetry breaking. The parameters of the resulting hybrid inflationary scenario with the implicit assumption that the slope V ′ is dominated by the mass-squared term [4] satisfy the relation λM out from the calculations that we present later, there is also the bound λM in such a scenario which combined with the relation determining the value of λM 5 3 gives M 3.5 × 10 −4 and λ 3.5 × 10 −6 . Therefore, domination of the tiny mass-squared term always results in an unnaturally small coupling.)
Alternatively, one can adopt the point of view that the dominant contribution to the slope V ′ is provided by radiative corrections [9] through the simplified expression
Then, on the condition that
satisfies |η r c | ≥ 1 (i.e. inflation ends due to large radiative corrections), we obtain
If, instead, |η r c | ≤ 1 (i.e. inflation ends through the waterfall mechanism), we obtain
Here the scale M is bounded from above by the value given by Eq. (3.5). M is always smaller than the MSSM scale unless N d is extremely large. The value of the inflaton field σ when our present horizon crossed outside the inflationary horizon is always given by
and the spectral index at the scale corresponding to our present horizon is
An attempt to obtain the MSSM value for the scale M ≃ 1.17 × 10 −2 by replacing the term λΦΦ in W by λ(ΦΦ) 2 through a Z 2 symmetry gave rise to the so-called "smooth"
hybrid inflation [10] . An additional advantage of this scenario is that it avoids the formation of unwanted topological defects since the phase transition leading to the termination of the inflationary stage takes place "smoothly".
Supersymmetry cannot, of course, remain just global. Incorporation of supergravity is, however, by no means a trivial task. A very well-known difficulty in this connection is the one of keeping the slow-roll parameter |η| small. Indeed, in the very common case that the potential during inflation is dominated by the F-term, supergravity tends to give a large mass to almost all fields, thereby eliminating most candidate inflatons [4] , [11] . This can be easily seen by considering the F-term potential in supergravity
where K is the Kähler potential. Let us assume that our candidate inflaton field S is canonically normalized for |S| 2 ≪ 1 and K admits an expansion K = |S| 2 + . . . . Then, 10) where the subscript S (S * ) denotes partial differentiation with respect to S (S * ). Thus, during inflation, no matter how small V inf l ≃ V F inf l is, there is always a contribution to m 2 S ≃ V inf l or a contribution ≃ 1 to the slow-roll parameter |η| . There could very well exist other contributions to η partially cancelling the one just described but their existence will depend on the details of the model. Therefore, it seems that in the context of supergravity it is fairly easy to add to the potential of the hybrid model a sizeable mass-squared term for the inflaton σ but rather difficult to understand why β ≡ m 2 σ µ 4 ≪ 1. In order to investigate the effect that supergravity has on the simple globally supersymmetric hybrid model discussed above we restrict ourselves to the inflationary trajectory (Φ =Φ = 0) in which case the superpotential simplifies to
involving just the gauge singlet superfield S which enters only linearly. Also the Kähler potential becomes a function of just |S| 2 on the account of the same R-symmetry which guarantees the linearity of W in S. Then, a straightforward calculation shows that the mass-squared term generated for the inflaton corresponds to a parameter β given by
Notice that the unwanted contribution (K SS * ) S=0 to β "miraculously" cancels out. As a consequence β could now have any value since the quantity K SSS * S * does not seem to be constrained by any general argument. In particular, the choice of the minimal Kähler potential K = |S| 2 leading to canonical kinetic terms for σ gives rise to a "canonical" potential V can [4] , [12] , [13] 
without quadratic term (β = 0). Small deviations from the minimal form of the Kähler potential generate a "small" mass-squared for σ (β ≪ 1) without, of course, altering appreciably the coefficients of the higher powers of σ 2 in the series [14] .
The potential V can leads to acceptable hybrid inflation with a scale M given by the MSSM value either in the context of the simple model of Eq. (3.1) with N d = 1 and a very small coupling λ ≃ 10 −5 or in the context of models involving additional symmetry breaking scales [12] . In both cases supergravity dominates over radiative corrections. An acceptable inflationary scenario in the context of the model of Eq. (3.1) and a minimal Kähler potential is also feasible if radiative corrections are allowed to play a dominant role at least towards the end of inflation [13] . In this last case, however, one has to either give up the MSSM value for the scale M or allow N d values considerably larger than unity.
To demonstrate the above statements we perform a simplified calculation, with V ≃ µ 4 and
assuming that inflation takes place at σ 2 ≪ 1 and the dominant supergravity effect is due to the quartic self-coupling of the inflaton (3.1) we obtain
and 17) where
. For minimal supergravity c = 1. Taking the limit c → 0 we recover, as expected, the relations of the radiative supersymmetric scenario.
A careful investigation reveals that only for values of the coupling λ in a certain interval there exist solutions for M. Actually, there exist two solutions which coincide at the lower endpoint of this interval where λ takes the value
with the corresponding value of the double solution for M being
For the upper endpoint λ max we have λ max min
solutions with √ λM = µ well below the bound of Eq. (2.6) are acceptable. Out of the two solutions in the allowed interval the one with the larger value for the scale M owes its existence to supergravity and tends to infinity as c → 0 at fixed λ. The second solution survives the c → 0 limit in which case it reduces to a solution describing the radiative supersymmetric scenario. In the following we refer to them as the "supergravity" and the "radiative" solution, respectively.
The "supergravity" solution [12] can be approximated by
and
We observe that the spectrum of density perturbations is blue (n H > 1). In the model of Eq. obtain blue perturbation spectra with n H considerably larger than 1 even if M ∼ 10 −2 [12] .
The more popular "radiative" solution [13] can be approximated by setting
. The lower bound in the above inequality for φ translates into |η . Thus, radiative corrections should be neither extremely strong nor extremely weak. We see that with radiative corrections becoming stronger |σ H | increases. As a result the spectrum changes gradually from red to blue and larger values of the scale M become possible. However, the MSSM value for M is obtainable only if N d is considerably larger than unity. For example, for φ ≃ 1.12293 (1.1471), N d = 32 (27) , N H = 55 and c = 1, and taking into account the small effect of the factors f 1 , f 2 as well, we obtain (the MSSM scale) M ≃ 1.173 × 10 −2 with λ ≃ 2.27 × 10 −2 (2.52 × 10 −2 ), σ H ≃ 0.21 (0.22) and n H ≃ 1.12 (1.13). Notice that for such a choice inflation ends through the waterfall mechanism.
The addition of a quadratic term In the presence of an appreciable mass term the quartic coupling ceases being the dominant effect of supergravity for σ 2 ≪ 1. Then, a simplified discussion which ignores the quartic and higher order self-couplings of the inflaton and assumes that V ≃ µ 4 and
could be very illuminating. In the case that inflation ends because radiative corrections become strong, i.e. |η r c | ≥ 1, we find that the scale M is given by
If, instead, inflation ends through the waterfall mechanism, i.e. |η r c | ≤ 1, we obtain
where s = ±1. The solution with s = +1 is acceptable provided
Radiative corrections dominate over the mass term in
) and inflation ends either through strong radiative corrections or through the waterfall mechanism provided that, in the latter case, the solution with s = −1 is chosen. In the above cases the β → 0 limit exists and Eq. (3.5) or Eq. (3.6) is recovered depending on whether |η r c | is larger or smaller than unity. In such radiative-correction-dominated scenarios the scale M has both an upper and a lower β-dependent bound. In particular, the upper bound M rad cannot exceed a value Our discussion so far seems to indicate that on the assumption that all fields but the inflaton S play absolutely no role during inflation the only potential source of inflaton mass is the next-to-leading term in the expansion of the Kähler potential in powers of |S| 2 which must have a small and negative coefficient. There could, however, exist superheavy fields which are G− singlets and do not contribute to the superpotential. Although such fields could naively be considered as "decoupled" they actually contribute to the mass-squared of σ if they acquire large vevs. These new contributions to the parameter β, which turn out to be always positive, could be disastrous if −(K SSS * S * ) S=0 > 0 [15] but very useful in the opposite case since they could give rise to interesting cancellations [16] .
To illustrate the above statements we consider a G−singlet chiral superfield Z which does not enter the superpotential at all because, for instance, it has non-zero charge, let us say −1, under an "anomalous" U(1) gauge symmetry and there are no superfields with a U(1) charge which cannot be safely ignored. Also let us assume that
. We rename the parameters µ and λ in W as µ ′ and λ ′ and we assume that µ ′ 2 ≪ ξ, where ξ > 0 is the Fayet-Iliopoulos term entering the D-term
of the "anomalous" U(1) gauge symmetry which has coupling g. Minimization of the scalar potential (with Φ =Φ = 0) with respect to Z, for fixed |S| 2 not very large and away from possible singularities, essentially amounts to minimizing the D-term since the F-term is proportional to µ ′ 4 ≪ ξ 2 . As a result of such a minimization |Z| 2 acquires a practically
inflation. Then, after absorbing the factor e K 2 (v 2 ) appearing in the F-term potential in the
, it is not difficult to recognize that the false vacuum energy density now is µ 4 , the symmetry breaking scale remains
and the parameter β becomes
As already mentioned the contribution of Z to β is positive. Notice that the "decoupled" Z−type fields affect the potential during inflation essentially only through the parameters µ and β.
The above mechanism could be readily applied in order to supplement the potential V can with a small mass-squared term without departing from the minimal Kähler
This results in the addition to V can of a perturbation
The most interesting case, however, concerns Kähler potentials K 1 (|S| 2 ) with −(K 1SSS * S * ) S=0 < 0 which offer the possibility of suppressing the inflaton mass. A class of such Kähler potentials is given by
where N is an integer. The corresponding Kähler manifold is the coset space SU(1, 1)/U(1) with constant scalar curvature 2/N and (K 1SSS * S * ) S=0 = 2/N. For this choice the canonically normalized inflaton σ, defined by
acquires a potential V along the inflationary trajectory which in terms of the variable
is given by
Here we allow more than one Z−type fields Z i . Notice that for N = 1, 2 the slope V ′ in the absence of radiative corrections is proportional to β meaning that suppression of the inflaton mass entails suppression of all supergravity corrections to the classical potential.
In particular, β = 0 amounts to a completely flat classical inflationary potential. Moreover, the slope of the inflationary trajectory due to radiative corrections V ′ rad , when expressed in terms of the canonically normalized inflaton field, becomes
Expanding in a power series we obtain
for V and corresponding to a minimal Kähler, respectively. Our earlier discussion concerning the various hybrid inflationary scenarios in minimal or quasi-minimal supergravity apply to this alternative construction as well, provided N ≫ 1. The cases N = 1, 2 present, of course, some novel features [16] since supergravity corrections to the classical potential appear proportional to the parameter β which essentially controls their strength. Hybrid inflation in these cases is accurately described by Eqs. 
"Chaotic" D-term inflation
Our discussion of the initial condition problem of hybrid inflation led us to conclude that a solution could be provided by a short Planck-scale inflationary stage which could easily be incorporated into the non-supersymmetric prototype model. However, from our earlier discussion it should be clear that extending inflationary scenarios in the context of supergravity is not an easy task especially if the potential during inflation is dominated by the F-term. Obviously, models with consecutive stages of inflation should be much harder to construct.
As pointed out long time ago the "obvious" argument concerning the origin of an unacceptably large inflaton mass in supergravity does not apply if the D-term dominates the potential during inflation [17] , [11] . Thus, D-term inflation appears to be an attractive candidate for the early inflationary stage [18] . In the previous section we presented realizations of supergravity hybrid inflation in which the contributions of "decoupled" fields acquiring large vevs through "anomalous" D-terms play an important role in the suppression of the inflaton mass. It would be very desirable on the grounds of simplicity and economy that the D-term sector involving the "decoupled" fields provides the necessary short inflationary stage in order to resolve the initial condition problem of hybrid inflation.
Let us consider again the chiral superfield Z with charge −1 under an "anomalous" U(1) gauge symmetry and the associated with it D-term
If during some period of time |K Z Z| ≪ ξ the D-term potential becomes approximately constant
and on the condition that this constant dominates the potential the universe experiences a period of quasi-exponential expansion. In the standard D-term inflationary scenario |K Z Z| is kept small because the scalar field Z finds itself lying close to zero trapped in a wrong vacuum. Such a scenario, in analogy with the hybrid one, requires the presence of at least one additional field playing the role of the inflaton whose magnitude determines the size and the sign of the mass-squared of Z. In contrast to the standard scenario the Dterm inflationary scenarios that we deal with here involve no other fields besides Z which necessarily plays the role of the inflaton. Here the term "chaotic" is simply meant to indicate that (the canonically normalized field in) Z is not trapped in a wrong vacuum and its initial value does not have to be small. We are going to consider two such "chaotic" D-term inflationary scenarios. The one relies on a choice of the Kähler potential of the type encountered in no-scale supergravity [16] whereas the other employs more "conventional" choices of Kähler potentials but invokes rather specific values of the Fayet-Iliopoulos ξ term.
Scenarios with Kähler potentials of the no-scale type
Let us assume that the field Z with charge −1 under an "anomalous" U(1) gauge group enters the Kähler potential
where n is an integer. The corresponding Kähler manifold is (again) the coset space SU(1, 1)/U(1) of constant scalar curvature 2/n. Bringing Z to the real axis by a gauge transformation we define the canonically normalized real scalar field ζ through the relation
Here the integration constant is chosen in a way that simplifies the expression for the "anomalous" D-term potential
which is assumed to be the dominant contribution to the D-term potential. According to our assumption Z does not enter the superpotential W at all. Moreover, the quantity
turns out to be field-independent. Thus, the only dependence of the F-term potential V F on Z is through the exponential factor
As a consequence we obtain
Let us assume that ζ < 0 and that either from the beginning or after some time
The above condition is equivalent to
which can be seen to be easily satisfied if −ζ ≫ 1 given that
Then,
and provided the initial kinetic energy is much smaller than the potential one the universe experiences a period of quasi-exponential expansion. If during this period ζ varies in the interval [ζ in , ζ f ] the corresponding number of e-foldings N(ζ in , ζ f ) in the slow-roll approximation is
Inflation ends when the slow-roll parameter |η| approaches unity and ζ acquires the value ζ f given by e
assuming that Eq. (4.9) still holds. This is not impossible since the ζ-independent quantity V F e − √ 2nζ depends on other fields whose evolution could easily lead to a fast decrease of the F-term in the meantime. Finally, ζ starts performing damped oscillations around its (only slightly displaced from zero) minimum.
With the choice of K 1 (|S| 2 ) given by Eq. (3.31) and K 2 (|Z| 2 ) given by Eq. (4.3) the parameter β becomes
It is remarkable that β naturally vanishes along with all supergravity corrections for (N, n) = (1, 2) or (N, n) = (2, 1). Moreover, if two Z−type fields with Kähler potentials given by Eq. (4.3) and characterized by integers n 1 and n 2 , respectively are employed
Vanishing of β is again achieved with the unique choice N = n 1 = n 2 = 1. In the last case an early "chaotic" D-term inflation in two stages is possible which, as we shall see, allows for a completely satisfactory solution of the initial condition problem of hybrid inflation. A small β, if desired, can be generated by the contribution of an additional field with a D-term involving a more "conventional" Kähler potential and a small ξ parameter [16] . In such a case supergravity corrections do not vanish but they still remain suppressed since they are proportional to the small parameter β.
Scenarios realizable for specific values of the ξ term
Let us consider the double-well potential
involving the real scalar field ζ with canonically normalized kinetic term. This is the "anomalous" D-term potential of a field Z with a minimal Kähler potential which is brought to the real axis (ReZ = admits the approximate inflationary slow-roll solution
It is not difficult to verify that for the specific value
the energy E = 1 2 v 2 + V calculated for the above solution becomes a "perfect square" which demonstrates the important fact that ζ does not oscillate but vanishes only asymptotically with time. In the following we refer to v e as a non-oscillatory solution in the sense that it describes a non-oscillatory behavior of ζ. The number of e-foldings during the variation of ζ from an initial value ζ in to a final value ζ f is given by the formula
Moreover, the condition for inflationary expansion . We see that our special non-oscillatory solution v e leads to inflation at both large and small field values with the intervention of only a short non-inflationary period. For |ζ| ≫ 1 the well-known "chaotic" inflationary scenario is realized. For |ζ| ≪ 1 inflation takes place because the energy density is dominated by the constant 1 2 g 2 ξ 2 . If our solution were followed with infinite accuracy inflation would never end. Fortunately, this is only mathematically possible.
The question that naturally arises is the extent to which an inflationary scenario relying on the special non-oscillatory solution v e is realizable. Stated differently, we should investigate whether it is probable at all that the evolution of the field ζ follows, even approximately, Eq. (4.21). Obviously, this depends on the "stability" of the non-oscillatory solution relative to small perturbations. We will call the solution v "stable" if a solution v + δv that initially deviates slightly from it tends to "approach" v in the sense that δv v decreases during the evolution. Keeping only linear terms in δv the evolution of an initial perturbation δv 0 is described by the relation . The "stability" of v e changes at Consequently, during this period the evolution of the field ζ tends to approach the nonoscillatory solution v e . The size of the deviation from this solution will depend on the duration of the inflationary period at large |ζ|. In contrast, during the inflationary stage at |ζ| ≪ 1, although −Ḣ H 2 ≪ 1, the slow-roll parameter |η| ≫ 1 andḦ HH ≃ −12. As a result δve ve ∼ e 9N and any small deviation from the non-oscillatory solution v e will start growing.
This will eventually lead to a termination of the asymptotic approach of ζ to the origin.
It is actually possible to make a stronger statement concerning the importance of our exact non-oscillatory solution. Let us define the variable u ≡ 
where is the energy calculated for the specific solution v e . Let us assume that w ≥ 0. Then, from the above expression it becomes obvious that for u > 0 the sign of
V ′ coincides with the sign of u − 1. Stated differently, all solutions v leading to evolution in the same direction as the solution v e tend to "converge" towards v e or "diverge" from it depending on whether the potential energy V decreases or increases during the evolution. In the case of our exact special solution v e of Eq. (4.21
is a positive constant. Therefore, the above remarks find immediate application and our earlier conclusions concerning the "stability" of v e are now strengthened to incorporate larger deviations from it.
The evolution of the field ζ in the vicinity of the origin can be reliably investigated in the approximation V ≃ , instead, is not small which necessitates a more careful treatment of the simplified equation of motion
in which the kinetic energy has been neglected relative to the potential one. The above equation admits the special linear in ζ solutions with the exact special solution v e , describes an asymptotic approach of ζ to the origin. The solution v + , instead, describes evolution of ζ away from the origin. Both are non-slow-roll inflationary solutions with H ≃
Substituting in Eq. (4.25) we obtain
We see that v + is "stable" but v − " unstable". In particular, for ξ = we have
in accordance with our earlier assertion concerning v − .
The simplicity of the equation of motion in the |ζ| ≪ 1 approximation allows us to assess the importance of the special solutions v ± with more confidence. Eq. (4.30) can be 
with A a constant, from which we obtain once more Eq. (4.34) describing the evolution of small deviations δv ± from the special solutions v ± .
In conclusion, starting from a relatively large |ζ| the evolution of the field ζ will approach the solution v e giving rise to a "chaotic" inflationary expansion. After a short break of the inflationary expansion near the minimum of the potential a new inflationary expansion begins as ζ approaches the origin. This approach, however, is combined with a gradual departure from the non-oscillatory solution. Eventually, ζ will either stop before reaching the origin or cross the origin with a small speed. Then, a new inflationary expansion begins as ζ moves away from the origin following the solution v + . The duration of the inflationary stages at |ζ| ≪ 1 will, of course, depend on the accuracy with which the evolution of the field ζ follows the special solution v e which in turn depends on the duration of the inflationary stage at |ζ| ≫ 1.
We should certainly bear in mind, however, that there will inevitably be deviations from the above mathematical analysis in realistic situations. As reasons for such deviations we could mention quantum fluctuations, small contributions from other fields which affect the equation of motion and a small departure of the parameter ξ from the special value ξ c = Let us first consider the Kähler manifold SU(1, 1)/U(1) and make the "conventional" choice
for the Kähler potential involving the field Z. Here n is an integer. Z can be brought to the real axis through a gauge transformation and a canonically normalized real scalar field ζ is defined by the relation
Then, the potential becomes
For the specific value
the equation of motion of the field ζ admits the exact special non-oscillatory solution
for which
The solution v e does not describe inflationary expansion (−Ḣ H 2 ≥ 1) only for n sinh . We see that a "chaotic" inflationary stage at |ζ| ≫ 1 is possible only for n > 4. This is a power-law inflation with H ∼ R − 4 n . The solution v e , instead, describes inflationary expansion for |ζ| ≪ 1 even when it does not for |ζ| ≫ 1. The exact solution v e is "stable" or "unstable" depending on whether n sinh In the case of the SU(2)/U(1) Kähler manifold we make the choice
for the Kähler potential involving the field Z. Here n is an even integer. Z can be brought to the real axis through a gauge transformation and a canonically normalized real scalar field ζ is defined as an angular variable by the relation
The solution v e does not describe inflationary expansion (−Ḣ H 2 ≥ 1) only for n sin 
. It is "stable" or "unstable" depending on whether n sin
is larger or smaller than ξ c . For
− 1 , whereas for |ζ| ≪ 1,
> 0 and from Eq. (4.26) follows that the conclusions concerning the "stability" of v e are further strengthened. Finally, our analysis of the evolution of ζ near the origin goes through as well with ρ + = 3 1 + The above discussion concentrates on the "anomalous" D-term which is assumed to be dominant during the initial stages of the evolution. This assumption certainly places constraints on the size of the initial values of all fields present in the model including the Z field itself since they are all involved in the F-term potential. A noticeable contribution of Z to the F-term potential, although not the only one, is the exponential factor e
which becomes e ζ 2 2 , cosh
or cos
depending on whether the Kähler potential considered is the minimal one, the one of Eq. (4.38) or of Eq. (4.44), respectively. As a consequence of the constraints on the initial value of ζ only a very short inflation at |ζ| ≫ 1 is allowed which necessitates the additional short inflationary stage at |ζ| ≪ 1 to complement the required expansion and solve the problem of the initial conditions.
The presence in the F-term potential of the Z fields involved in the above scenarios affects, as pointed out earlier, the mass of the inflaton associated with the "observable" inflation. With the choice of the Kähler potential K 1 (|S| 2 ) for the inflaton field S given by Eq. (3.31) the parameter β parametrizing the inflaton mass becomes
Here ∆β is the contribution due to the presence of the Z fields which are assumed to lie in their true vacua during the "observable" inflation. For all the cases considered above and assuming that ξ takes the specific values ξ c giving rise to the non-oscillatory solutions v e we have (for n ≥ 2) whereas in the latter 1 3 < ∆β 0.387 (for n ≥ 5). The value ∆β = 1 3 corresponding to the minimal Kähler potential is approached from below or from above as n → ∞. We see that the choice of the minimal Kähler potential for Z combined with the choice N = 6 for K 1 (|S| 2 ) leads to a massless inflaton of the "observable" inflation. Choosing a SU(1, 1)/U(1) Kähler manifold for Z and N = 6 for K 1 (|S| 2 ), or a SU(2)/U(1) Kähler manifold for Z and N = 7, 8, or
we obtain numerous models with acceptable values of β 3 × 10 −2 . Notice that in these models, unlike the ones of the previous subsection, supergravity corrections to the classical potential are not proportional to the small parameter β. Consequently, the inflationary potential is steep at large inflaton field values although its slope is smaller than the slope of V can + δV can corresponding to a minimal Kähler potential for the inflaton S.
The initial conditions
In the previous section we pointed out that in certain realizations of supergravity hybrid inflation involving "decoupled" fields acquiring large vevs through "anomalous" D-terms there is a possibility of an early "chaotic" D-term inflationary stage which could provide a solution of the initial condition problem of the "observable" inflation. The "chaotic" D-term inflation was analyzed mathematically but only on the assumption that the effect of the additional potential terms on the "anomalous" D-term potential is negligible during the early stages of the evolution. The extent to which this is actually the case depends crucially on the form of the part of the Kähler potential involving the "decoupled" fields which play the dominant role during the "chaotic" D-term inflation. The scenarios with Kähler potentials of the no-scale type are certainly preferable in this respect and are expected to allow for more natural initial conditions characterized by larger initial values of the fields involved in the "observable" hybrid inflationary stage. On the other hand one might argue that Kähler potentials of the no-scale type are perhaps too special and scenarios employing more "conventional" choices should also be considered. In any case, the problem of investigating whether a given set of initial conditions does lead to an acceptable "observable" inflation following an early stage of inflationary expansion is too complicated to be addressed intuitively or purely analytically and a numerical analysis of the field evolution becomes necessary. An additional important factor complicating our task is the effect of the quantum fluctuations during the early inflationary stage. These fluctuations place lower bounds on the size of all nearly massless fields and an upper bound on the energy scale where the early inflation should end (see Eq. (2.7)).
In the following we present the results of a numerical study of the initial conditions which seem to lead to a successful "observable" inflation according to various scenarios of supergravity hybrid inflation. The models are classified in two groups depending on the type of the "chaotic" D-term inflation. Throughout the discussion the value
is employed. Moreover, the scalar spectral index is evaluated at the scale corresponding to a wavenumber k = 0.002 Mpc −1 and denoted n 0.002 .
Scenarios with Kähler potentials of the no-scale type
For such scenarios the parameter β most naturally vanishes along with all supergravity corrections to the classical potential although there is a possibility of generating a small value for β through additional Z−type fields [16] . Therefore, we will demonstrate the solution of the initial condition problem in the context of a scenario for "observable" inflation realizing the so-called supersymmetric hybrid inflation in which the slope of the potential is provided entirely by radiative corrections. We will consider two cases for the value of the coupling λ. In the first case λ = 4.56 × 10 (ϕ + iψ), assuming that Φ,Φ lie along such a D-flat direction. In both cases the initial time derivatives of the fields were assumed to vanish and the initial energy density was ρ 0 ≃ 1. In the former case the first stage of inflation starts at ρ ≃ 1 and ends at ρ ≃ 0.2 giving approximately 15 e-foldings whereas the second stage starts at ρ ≃ 0.02 and ends at ρ ≃ 0.002 giving approximately 30 e-foldings. In the latter case the two inflationary stages take place between the same energy density values but the number of e-foldings is about 10 and 23 during the first and the second stage, respectively. Thus, in our scenario the first stage is only used to generate natural initial conditions for the second stage and the second stage to set the initial conditions for the "observable" inflation. This becomes possible since the number of e-foldings of the second stage is sufficiently large. Notice that the initial field values are considerably larger than the size of the quantum fluctuations allowing us to omit a more detailed discussion of the impact of such effects on the field evolution.
Scenarios realizable for specific values of the ξ term
From our earlier discussion we know that for such scenarios just one Z−type field is able to give rise to an early inflation which could solve the initial condition problem of the subsequent "observable" inflation suppressing at the same time the mass of the inflaton associated with the latter. The early inflation takes place in two stages which are characterized by inflaton field values of size |ζ| ≫ 1 the first and |ζ| ≪ 1 the second. In such scenarios ξ is of order unity. Thus, the only parameter left, apart from the initial value ζ 0 of the canonically normalized inflaton, to determine the energy density range where the early inflation takes place is the coupling g of the "anomalous" U(1). Notice that the total number of e-foldings in such scenarios cannot be large given that |ζ 0 | is severely constrained by the presence of the additional fields associated with the "observable" inflation and the requirement that the "anomalous" D-term dominates the potential during the early inflation. Moreover, the second stage of the early inflation contributes a very small number of e-foldings since ζ cannot go arbitrarily close to the origin partly because |ζ 0 | cannot be arbitrarily large and partly because the presence of quantum fluctuations renders a tiny classical ζ value during inflation physically meaningless. Consequently, unlike the case of Kähler potentials of the no-scale type, the first stage of the early inflation does not merely serve the purpose of generating natural initial conditions for the second stage and the number of e-foldings necessary to solve the initial condition problem of "observable" inflation is the sum of the e-foldings produced during the first and the second stage of the early D-term inflation. As a result, the quantum fluctuations generated during the first stage of the early inflation need to be carefully considered especially because the initial values of the fields associated with the "observable" inflation in such scenarios cannot be large.
In order to keep the size of the quantum fluctuations under control we choose an initial energy density ρ 0 somewhat smaller than unity ρ 0 ≃ 0.1. For the fields Φ ≡ 1 2
, where ϕ 1 , ϕ 2 , ψ 1 , ψ 2 are canonically normalized real scalar fields, which during the "observable" inflation are supposed to be very small we choose initial values Φ = 0.01(1+i),Φ = 0 with ϕ 1 = ϕ 2 = ψ 1 = ψ 2 = 0.01 and vanishing initial time derivatives. (For Φ,Φ we assume a minimal Kähler potential.) These are the fields which are mostly affected by quantum fluctuations during the early D-term inflation due to their being initially small. For a field becoming massless at t=0 the distribution of the quasiclassical field generated during inflation has a variance which can be approximated by
where H is variable during inflation. To take into account the effect of the quantum fluctuations generated during the first stage of the early D-term inflation, which are the most important ones, we replace in the procedure of numerically solving the equations of motion the small current values of the fields ϕ 1 , ϕ 2 , ψ 1 , ψ 2 , as soon as they become "massless", with new ones of magnitude 1.65σ f luc . These new field values are likely to be larger than the actual ones generated by the quantum fluctuations with 90 per cent probability. In the case that the dimensionality N d of the representation of the gauge group G to which the fields Φ,Φ belong is large enough the magnitude of the new field values is chosen to be just σ f luc which represents the average size of semiclassical field values generated by quantum fluctuations. The calculation of the expansion that the scale factor of the universe experiences is performed numerically from the assumed beginning of the evolution, when ρ 0 ≃ 0.1, till the onset of the low energy density inflation at ρ ≃ 3µ 4 . In this calculation we consider two extreme cases concerning the semiclassical fields generated by quantum fluctuations, namely a case of D-flatness with −ϕ 1 = ϕ 2 = ψ 1 = ψ 2 = a (i.e. Φ = ia,Φ = −a) and a maximally non-D-flat case with ϕ 1 = ϕ 2 = ψ 1 = ψ 2 = a (i.e. Φ = (1 + i)a,Φ = 0). Here a equals 1.65σ f luc or σ f luc depending on whether N d = 1 or N d ≫ 1. During the early inflation the D-flat case gives a larger number of e-foldings but also leads to a larger decrease of the size of the inflaton σ associated with the "observable" inflation. In both cases we make sure that the expansion is sufficient to solve the problem of the initial conditions but also that |σ| remains large enough such that the late inflation is able to begin at ρ ≃ 3µ 4 .
A more detailed discussion of the initial conditions depends, of course, on the scenario chosen for the "observable" inflation. We have seen that in the models that we consider the mass-squared of the inflaton σ associated with the "observable" inflation can be expressed in terms of the parameter
Thus, the "observable" inflation scenario in our construction depends on the values of the integers N and n entering the Kähler potential and on whether the Kähler manifold associated with the field Z is compact (+ sign) or non-compact (− sign). Table 1 : Parameters and initial field values of supergravity hybrid inflation scenarios with a massless inflaton. Everywhere N = 6 and n = ∞.
and a "radiative" scenario which is well approximated by the "radiative" solution of Eqs. . For such a scenario the scale M is smaller than the MSSM scale M ≃ 2.86 × 10
16 GeV unless N d is considerably larger than unity. In Table 1 we present some examples of such "radiative" scenarios with N d = 1 and one example in which the MSSM scale is obtained for N d = 32. For N d = 1 the initial values of the 4 scalar fields ϕ 1 , ϕ 2 , ψ 1 , ψ 2 are assumed to be equal to 0.01. For N d = 32, however, we assume that initially the 128 such fields have values equal to 0.003. As the parameter µ increases σ H , the value that the inflaton field σ takes at the point where the spectrum of density perturbations is normalized, increases as well and eventually the inflaton field has to be given a larger initial value σ 0 . The spectrum of density perturbations is blue (n 0.002 > 1) with the quantity √ N d λ controlling the strength of the radiative corrections being 0.1. However, values of this quantity much larger than the ones of Table 1 would not be allowed since they would result in an unacceptably large value of the spectral index. Tables 2 and 3 present several scenarios with the "observable" inflaton possessing a non-negligible mass. In the scenarios of Table 2 the Kähler manifold associated with the field Z is the non-compact SU(1, 1)/U(1) whereas in the scenarios of Table 3 the compact SU(2)/U(1). Throughout, the MSSM scale M ≃ 2.86 × 10
16 GeV is assumed and N d = 1.
The initial values of the 4 fields ϕ 1 , ϕ 2 , ψ 1 , ψ 2 are taken to be 0.01 and the initial value of the inflaton σ is 0.3 everywhere. The spectrum of density perturbations is again blue (n 0.002 > 1) but with a rather weak coupling λ ∼ 10 −2 − 10 −3 . In all such scenarios hybrid inflation ends through the waterfall mechanism.
In our discussion so far it is understood that ξ takes the specific value ξ c . Although the existence of the non-oscillatory solution v e requires a specific value for ξ our mechanism actually exploits the oscillatory solutions which for some finite period of time lie "close" to the non-oscillatory one. Such solutions exhibiting a behavior which for some time approximates the exact solution v e do exist, however, even if ξ departs slightly from the specific value ξ c . We verified that the initial conditions of the scenarios described in Tables 2 and 3 actually do solve the initial condition problem of the slightly destorted hybrid inflationary scenarios corresponding to a value of ξ given by ξ = ξ c 1 + δ 2 (5.3) with δ belonging to the interval [−10 −3 , 10 −3 ]. Thus, a tuning of a single parameter δ is able to solve both problems associated with the "observable" inflation, namely the problem of the initial conditions and the problem of suppressing the inflaton mass.
Conclusions
We considered F-term realizations of hybrid inflation in supergravity based on a construction involving "decoupled" superheavy fields without superpotential which acquire large vevs through "anomalous" D-terms [16] . This construction allows a suppression of the inflaton mass but also possesses a built in mechanism giving rise to an early "chaotic" D-term inflation which was used to solve the problem of the initial conditions of the "observable" inflation. We dealt with two variants of this mechanism. The first employs very special Kähler potentials involving the "decoupled" fields analogous to the ones encountered in no-scale supergravity and, as it turns out, is only applicable in connection with very special "observable" hybrid inflation scenarios characterized by rather flat potentials in which all supergravity corrections are proportional to the inflaton mass [16] . The second, which is of wider applicability, employs more "conventional" Kähler potentials involving the "decoupled" fields but invokes values of the Fayet-Iliopoulos ξ term which lie in restricted intervals. This second variant of the mechanism was used in order to solve the initial condition problem of hybrid inflationary scenarios possessing rather steep potentials which resemble the minimal or quasi-minimal supergravity ones. A numerical investigation of the initial conditions has been performed using both variants of the "chaotic" D-term inflation and various hybrid scenarios for the "observable" inflation. This investigation revealed that there exist "reasonable" initial conditions leading to successful "observable" hybrid inflation in the context of very specific supergravity models.
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